Abstract-This paper describes the development of a disk-type flying robot with multiple rotors for use as an aerial observation platform. Models for the system are presented. A control system based on the optimal linear quadratic regulator is proposed. The controller is tested on the simulation model and shown to provide tracking of the reference trajectory and robustness against environmental disturbances.
I. INTRODUCTION
Following a natural disaster, such as an earthquake, typhoon or tsunami, a quick response is required to keep utility supply lines open, with electricity being especially important. For example, if a utility pylon located in a remote mountainous or island region is damaged, the disaster area might be surveyed to check damage conditions using a manned helicopter. Flying observations can be carried out with manned operators; however it might not always be practical due to a shortage in skilled operators. Hence a development of unmanned air observation platforms (flying robots) is required for such circumstances. However, the actuation mechanism for traditional single-rotor rotorcraft is mechanically complicated. Hence alternative configurations may be preferable. One common configuration is the quadrotor [1, for example] with independently actuated in-line rotors. This can be extended to a multirotor disk-type flying robot configuration as shown in 1 that has been developed by the authors [2] . Modifications to the arms and shape of the flying robot have been made to improve the aerodynamics (see Fig 2) and to protect the rotors in case of impact [3] . Figure 3 shows the robot undergoing a flight test.
In this paper, optimal feedback control is applied to the flying robot that provides excellent tracking performance of the reference trajectory and good robustness against environmental disturbance. In the next section, following a list of modelling assumptions, the model of the flying robot is presented. In Section III, a controller based on the Linear Quadratic Regulator (LQR) is presented. In Section IV, the controller design is discussed, analyzed and tested using a simulation based on the model of Section II. Finally, some conclusions are drawn. 
II. DEVELOPMENT OF MODEL
The control system design and development of modelling flying robot was performed to a 6 DOF motion in dynamic coordinate system and stationary coordinate system. The following assumptions are made
• the robot structure is rigid and symmetric,
• the inertia matrix is diagonal,
• ground effect is neglected,
• and the body aerodynamic forces are not included.
The control is assumed to consist of thrusts in and moments about the body axes. In practice these are generated by rotors, so the following assumptions are hence made for the rotors
• the propellers blades are rigid,
• the thrust and torque generated by each motor is the control,
• the rotor Coriolis force are ignored and
• and the motor dynamics are ignored.
The body-fixed frame has the x, y and z axes originating at the center of mass of the vehicle. An inertial coordinate frame is fixed to the Earth and has axes in the conventional NorthEast-Down arrangement.It is assumed that the Earth is flat and stationary.
A rotation matrix of Tait-Bryan angles can be expressed as
where c θ denotes cos θ, s θ denotes sin θ, etc. From Newton's second law, the time derivative of momentum is equal to the external force and the time derivative of angular momentum is equal to the external moment. The translational equation of motion of the flying robot body axes frame is
where Ω is a skew symmetric matrix given by
X g , Y g , Z g are the body gravity forces in the x, y, z direction body axes respectively, X, Y , Z are the rotor thrusts in the x, y, z direction body axes respectively and m is the body mass. Expanding (3) gives
Therefore, the velocity of the flying robot in the inertial coordinate system is
The translational motion in the inertial axes is given by
which simplifies to
if X g , Y g , X and Y are assumed zero.
The body axes rotation rate derivatives are given bẏ
where
T is the vector of control moments acting on the body, J is the inertia matrix of the quadrotor andω = (p, q, r)
T is the vector of rotation rates about the body axes. Expanding gives
The angular speed in the inertial coordinate system can be shown to be related to the body axes rates by ⎡ ⎣φ θφ
Differentiating (12) and substitution of (10) gives the rotational accelerations of the Tait-Bryan angles [4]
and
The vector of moments, T , about the body axes can be applied to control the attitude of the flying robot by varying the rotation speeds of each rotor. The pitch moment, L, is achieved by adjusting the difference in the thrusts of the front and rear rotors (Fig 4(a) ) the roll moment, M , from the difference between the port and starboard rotors (Fig 4(b) ) and the yaw moment, N , is changed by an imbalance in the drag torques from each of the rotors [5] . The collective thrust of the rotors acts in the z direction of the body axes, that is the force Z. The forces in the x and y directions, X and Y are hence zero. From (8) and (13), a state space representation can be constructed with a state vector
and control
The output to be controlled is the position in the inertial coordinate system and the yaw angle, that is
Taking small perturbations about hover gives the linear state space description
III. DEVELOPMENT OF CONTROL SYSTEM
The aim is to control the position and yaw of the flying robot in the inertial coordinate axes. It is assumed that the full state is available for feedback from an on-board GPS/INS system. Hence an LQR approach is used. In order to remove steady state errors in the output, y, that are caused by disturbances to the state derivatives, integral action is applied to the output error so that the resulting control is where y r is the output reference. Assuming constant y r , differentiating (23) giveṡ
A block diagram of the system is shown in Fig 5 with an additional input disturbance vector, d(t).
To calculate the controller, the first step is to augment the system state with the control so that the augmented system input is the derivative of the control. This gives an augmented system with
The second stage it to use a standard LQR cost for the augmented system, that is
where Q e is a positive semi-definite symmetric state weighting matrix and R e is a symmetric control derivative weighting matrix. The well-known optimal state feedback controller is
where P e is the positive definite symmetric solution of the algebraic Riccati equation 
The control is thusu
The final step is to equate (32) with (26) so that
giving, provided the plant is square,
The final closed loop system is given by
where e i (t) = t 0 (y r (t) − y(t))dt.
IV. SIMULATION RESULTS
The flying robot that has been developed can a steady hover point despite disturbances such as wind gusts by the control system designed in this study. In this section, the control system is tested under simulation. The effect of the nonlinearities which results in interaction between control channels and limits on the magnitude of step references is investigated.
A. The controller
The control system proposed in Section III is tested with a simulation of the vehicle using the model developed in Section II. The parameters for the model are
The weighting matrices are chosen as
The resulting controllers are given by 
Note that the maximum gain term has a magnitude less than 2 which appears practical. The linear plant model has no crosscoupling terms between the surge/pitch, sway/roll, heave and yaw modes, hence the controllers also lack cross-coupling terms, and are essentially of a PID type for the surge, sway, heave and yaw motions, and PD type for the pitch and roll motions. 
C. Reference demand limit
The responses show the vehicle tracks the target and the vehicle is stabilized.
E. Disturbance rejection
The final test is to test the ability of the robot to maintain station subject to wind disyurbances. The disturbances are modelled as for observation platform for disaster countermeasures. The LQR controller is designed for the flying robot at hover. Eigenvalue analysis demonstrates the theoretical stability of the system. The ability of the controlled robot to respond to reference demands and its disturbance rejection properties are tested by simulation of the system using a nonlinear model of the flying robot dynamics. The response for near-hover conditions is good, but for very large perturbations, the pitch and roll angles become great and this affects the ability of the controller to maintain altitude, and indeed stability. Hence for high manoeuvrability, it is envisaged that linear parameter varying [6] or nonlinear controllers [7] should be designed. Large step demands drive the robot to instability, this can be countered by shaping the reference demands to restrict the maximum demand rates. Note that the control design does not consider the actuator dynamics. In fact the control is actually generic, hence any implementation requires a controller allocation block, see [8] for details. In the future, the controller will be implemented and tested on the flying robot platform.
